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ABSTRACT
We present new kinematic data for the Ophiuchus stellar stream. Spectra have been taken of member
candidates at the MMT telescope using Hectospec, Hectochelle and Binospec, which provide more than
1800 new velocities. Combined with proper motion measurements of stars in the field by the Gaia -
DR2 catalog, we have derived stream membership probabilities, resulting in the detection of more than
200 likely members. These data show the stream extends to more than three times the length shown
in the discovery data. A spur to the main stream is also detected. The high resolution spectra allow
us to resolve the stellar velocity dispersion, found to be 1.6± 0.3 km s−1.
1. INTRODUCTION
As discovered by Bernard et al. (2014), the Ophi-
uchus stream (OphStr) appeared to be a short and nar-
row stellar stream (2.◦5 long by 6′ wide), unlike most
other known galactic stellar streams (Grillmair, & Car-
lin 2016). Bernard et al. (2014) used the then new PS1
catalog of stars for initial detection, and enhanced that
by filtering out stars whose photometry did not fall in
the area occupied by a metal-poor main sequence at he-
liocentric distances of 8 − 12 kpc. They calculated a
luminosity for the entire stream to be Mv = −3.0± 0.5,
similar to that found for the lowest mass galactic glob-
ular clusters. Sesar et al. (2015) followed up the imag-
ing work with a spectroscopic project that showed the
stream to have a high heliocentric radial velocity of 290
km s−1, nearly 300 km s−1different from the mean of the
majority of stars at that position. This large offset miti-
gates the often difficult problem of distinguishing stream
members from nonmembers. Using MMT/Hectochelle
and Keck/Deimos, fourteen radial velocity members
were found: six blue horizontal branch stars (BHB), two
main-sequence turnoff stars, one subgiant (SG), and five
red giants (RGB), four of which had spectra with high
enough signal-to-noise to allow a determination of at-
mospheric parameters. An analysis showed those stars
to be alpha enhanced, and of low metallicity, indicating
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that the progenitor of the stream was likely a globular
cluster. The stream was then thought to extend from
galactic longitude l = 3.◦8 to 5.◦8 , for a physical pro-
jected length of 300 pc at a mean heliocentric distance
of 8 kpc and a variation of about 1.5 kpc over that angle,
with the western end being more distant. The galactic
latitude of the stream in the Sesar et al. paper extended
over the range of b= +30.5 to 32; the paper used the
measured velocity dispersion to estimate the initial mass
to be 2× 104 M.
The OphStr appeared very different from other known
streams which span many tens of degrees on the sky,
thus leading Sesar et al. (2015) to postulate it was cre-
ated within a 1Gyr short time period or required spe-
cial circumstances. Sesar et al. (2016) suggested that
bar-induced fanning would have the effect of lowering
the surface density at large distances along the stream,
making the detection more difficult and thus causing the
stream to appear shorter than it actually is.
Further spectral observations on 43 stars selected to
have BHB star colors initially indicated this might be
the case. Six of those stars had radial velocities indi-
cating membership (we show below that one is not a
member based on proper motions). Several of these were
positioned at large angles from the main stream, beyond
galactic longitude 6◦ where the discovery image shows
no stream, resulting in a revised deprojected length es-
timate of 2 to 3 kpc, depending on which stars were
believed to be members. Price-Whelan et al. (2016)
and Hattori et al. (2016) investigated possible scenar-
ios where a rotating galactic bar can create a shortened
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stream and a high velocity dispersion for nearby stars.
Lane et al. (2019) used the published radial velocities
and proper motions from the recent release of the Gaia-
DR2 catalog (GDR2, Gaia Collaboration et al. 2018)
to further simulate the orbit, finding that the stream is
likely only on its second pericenter passage. But there
is a clear lack of radial velocity data extensive enough
to allow models to be verified, and thus a third, larger
scale observational project is warranted to further ex-
plore the dimensions of the stream and the dynamical
history of it. This paper describes that spectroscopic
project, involving three different spectrographs on the
MMT, and complemented with the GDR2 data. The
spectroscopic data continues to be heterogeneous. Our
paper describes the observations in the time order they
were taken.
2. NEW HECTOSPEC OBSERVATIONS
2.1. Target Selection
Although the stream is narrow in the discovery image
(6′ FWHM), it is prudent to probe a wide area to avoid
missing the true distribution. Hectospec/Hectochelle
(Fabricant et al. 2005) with its 1◦ field is ideal for this,
and indeed a few giant stars were observed in one field
for Sesar et al. (2015), centered on the densest part of
the stream. The limiting magnitude of the stars ob-
served with Hectochelle in 2014 for Sesar et al. (2015)
was i=18.8 (g=19.2), at the top of the turnoff of the
main sequence (MSTO) of the stream (see Fig 1). Most
of the member stars successfully observed were on the
giant branch about 1.5 mag below the level of the hor-
izontal branch and 1.0 mag brighter than the MSTO.
For a subsequent project, we wanted to observe fainter
MSTO targets, which are of course far more numerous
than BHB, RGB or SG stars, but would be out of reach
for the high dispersion Hectochelle spectrograph (reso-
lution=32000), and thus it was thought best to use a
lower resolution option for the more extensive member
search, and employ Hectospec, which gave a resolution
of 2400.
A new observing catalog was made, using the PS1 gri
data (Kaiser et al. 2010), with a data filter that selected
putative MS turnoff stars. The original selection used
PS1 data corrected for reddening with the Schlegel et al.
(1998) dust map (the mean reddening for the stream is
E(B−V)=0.185). Nine 1◦ fields were identified to sam-
ple along the model orbit of Sesar et al. (2015), where
stars were included with (g − i)0 color within 0.1 mag
of the best-fit OphStr isochrone (from PARSEC, cor-
rected for extinction, Bressan et al. 2012), bluer than
(g − i)0 = 0.3 mag, and uncorrected g brighter than g
= 21 mag. Sesar et al. (2015) had detected a distance
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Figure 1. CMD of input stars. Left panel shows the un-
corrected PS1 photometry while that on the right has been
corrected for local reddening, and the distance modulus gra-
dient derived in Sesar et al. (2015). Three previous sets of ob-
served stars are indicated by different colored symbols, with
black filled circles representing radial velocity members from
all sources, mostly those reported here. Magenta circles were
observed by Hectochelle (in two epochs), while green repre-
sents Deimos observations, reported in Sesar et al. (2015).
Blue circles are observations of BHB stars reported in Sesar
et al. (2016). Cyan points are the stars selected, and ob-
served as part of the Hectospec program reported here. A
PARSEC isochone (Bressan et al. 2012) is also shown which
has parameters: age=12Gyr, [Fe/H]= −2.0, mass loss pa-
rameter η = 0.5, and m−M=14.58, the mean distance mod-
ulus derived in Sesar et al. (2015). The star selection for
spectroscopic observations was based on the right panel, us-
ing MSTO stars near the isochrone as described in the text.
A few stars appear redward of the main group because we
changed the source of the reddening map between making
the catalog and writing this paper, and some photometric
values changed in the source catalog in that period as well.
modulus gradient (m-M= 14.58 − 0.2(l − 5), where l is
the galactic longitude), and that was also employed in
the star selection (the value is called i0,corr). The red-
dening values vary by as much as 0.2 mag in E(B−V),
so the uncorrected colors show a wider distribution than
the corrected colors. After the observations were made,
we began to use the updated Schlafly et al. (2014) map,
which has a few individual star differences, and thus
some stars appear outside of the original color-mag se-
lection box in Fig 1. The net result is that selected stars
had dereddened i between 17 and 20 mag, and (g − i)0
colors between 0.15 and 0.3 mag.
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Figure 2. Distribution of stars in the Ophiuchus Stream field selected to be MSTO stars as shown in Fig 1 (the cyan dots
in that figure). The nine Hectospec 1◦ fields are shown in red, along with the approximate distribution of the stream initially
published by Bernard et al. (2014), shown as a thick solid green line. The positions of the circles outside of the initial stream
were meant to follow the expected distribution determined by the orbit model of Sesar et al. (2015), shown as a thin cyan
line. (Hectospec field number 7 was not observed.) The nine Binospec fields discussed in Section 3 are shown as pairs of blue
rectangles. The 2019 Hectochelle field is shown as a black dashed circle, with an “E”. The ζ Oph H II region is strong to the
east (left) of the magenta line, and thus affects all the Hectospec fields except 1, 2, 5 and 8, with the emission getting stronger
in the east direction.
Fig. 1 shows the target selection in those nine fields,
along with previously known members, and members
found here. Note that the members fall within the color
spread of the candidates, thus systematics have been
minimized. Fig. 2 shows the on-sky distribution of those
stars and the surrounding ones with the same selection
criteria. Below, we will refine the CMD selection based
on radial velocity membership for a second round of new
observations with the Binospec instrument. The actual
observing conditions varied among the different fields
for the Hectospec data, so the depths explored are quite
different.
The MSTO stars are hot enough so that Balmer series
lines are prominent, which will thus provide the dom-
inant signal for radial velocity measurements. Upon
examining the raw data, we noticed a number of the
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fields showed Balmer emission, which we realized after
the observations were already taken was due to the east-
ern part of the stream overlapping on the sky with the
large ζ Oph H II region (Haffner et al. 2003). This com-
plicated the data reduction, as multifiber spectroscopy
typically does not use local sky measurements. The fact
that the dominant feature in our stars is Balmer absorp-
tion further meant that for some spectra the emission
contamination precluded the measurement of a believ-
able stellar velocity.
2.2. Details of Hectospec Observations
A total of 9 separate Hectospec fields were observed
in 2016 using the MMT and Hectospec instrument with
the 600gpm grating, which gave spectra in the range of
λλ4030 − 6500Å, with a resolution of 2.3Å. An impor-
tant caveat in this data set is the variable conditions for
the different fields, making the success rates of obtain-
ing useful spectra (which give dependable radial veloc-
ities) vary by a large factor among the fields. For six
of the fields we had an average success rate of nearly
90% but for the other three we obtained an average less
than 50%. Sixty two stars were observed in two separate
configurations. Table 1 gives the details of the fields ob-
served. Data were processed using the method outlined
in Caldwell et al. (2009) with the exception of how the
sky subtraction was done. Sky fibers near the targets
were chosen rather than a sum of all sky fibers, due to
the variable strength of the Balmer emission from the
H II region. This method still left a few stars poorly
sky subtracted, resulting in deep features that could be
picked up by a velocity finding program (the velocity of
the H II region is about−11 km s−1, similar to the mean
of the non-stream stars) and thus resulting in faulty ra-
dial velocities. These spectra were noted individually
and removed from the catalog. More than 1700 stars
were observed with Hectospec.
Heliocentric radial velocities were found using xc-
sao (Kurtz & Mink 1998), in the spectral range of
λλ4200 − 5300Å; this range gave the cleanest cross-
correlation functions and hence the lowest formal errors.
Templates used were model atmosphere spectra supplied
by C. Johnson, all at Teff = 6000 and log g = 4, but
four metallicities ([Fe/H] = −2,−1.5,−1.0,−0.5 and 0).
The general features of these templates match those of
the expected spectra of the targeted MSTO stars (the
predominant lines are the Balmer series, though Mgb
and the stronger Fe lines are also present).
For many of the repeated stars, one observation had
S/N too low to obtain a significant velocity; just five
repeated stars had small enough errors for analysis.
For those pairs we determine an RMS difference of 10
km s−1, meaning the true RMS is 10/
√
2 = 7 km s−1,
somewhat smaller than the mean formal velocity uncer-
tainty for the stars of 13 km s−1. Four stars were in
common with the earlier Hectochelle data, where the
formal velocity uncertainties are an order of magnitude
smaller. We find the RMS difference between these to
be 10 km s−1, with the formal RMS being 20 km s−1.
Again, the true RMS is likely to be smaller than the
formal errors reported in the Table 2 (below).
It would be ideal to do a full fit to these spectra to
derive stellar properties, but we postpone that till a later
paper, so that we can present the main result in a timely
manner. The high radial velocity of OphStr made it
unlikely we would have included too many nonmembers
by simply making an initial membership selection using
only radial velocity.
2.3. The Stream in Radial Velocity Space
We were fortunate that the OphStr has a radial ve-
locity of nearly 300 km s−1different from the mean of
the field stars present. This allows us to make a fairly
clean initial assessment of membership based on radial
velocity alone, which we will then use to refine the CMD
selection and include a proper motion and position se-
lection as well.
We present the histogram of all radial velocities with
significant detections in Fig 3. Included here are the new
Hectospec data, the radial velocities from Sesar et al.
(2015) and Sesar et al. (2016), as well as the other new
data to be reported in sections below. The mean velocity
is around 290 km s−1, which we will refine below. Stars
within 5′ of the Sesar et al. (2015) orbit model (in red)
show a stronger velocity contrast than the sample as a
whole. The bottom panel, plotting radial velocities as
a function of RA, also clearly shows the separation of
the stream from the background. Table 2 contains the
spectroscopic data. Items listed are those for which we
have spectra of any quality. If the derived radial velocity
was considered flawed, the velocity entry is blank, but
the correlation coefficient R is listed (in broad terms,
R values greater than 4 means that the derived radial
velocity can be trusted.) Items where no GDR2 proper
motions are available are still listed if a spectrum was
taken, even if it was poor. The table is organized such
that stars with membership probabilities greater than
zero are listed first, in order of RA. The second group
has stars with probabilities equal to zero, or for which
we have no determination.
2.3.1. Reddening
We used the Schlafly et al. (2014) map to correct the
PS1 photometry, noting that the kernel size for this map
is about the width of the stream, which could lead to
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Table 1. Observation Log
field Insta Date RA Dec Exposures Seeingb % Good
J2000 (sec)
1 H 2016.0311 16:15:00.7 -06:22:46.9 3× 1800 1.0 68
2 H 2016.0313 16:11:33.9 -06:45:45.9 3× 1500 0.7 94
3 H 2016.0314 16:14:45.3 -07:16:22.9 4× 1800 0.9 98
4 H 2016.0316 16:18:12.9 -06:53:40.9 3× 1800 0.7 93
5 H 2016.0417 16:07:51.7 -07:13:40.6 3× 1800 2.2 31
6 H 2016.0417 16:21:49.8 -07:04:44.2 3× 2100 2.2 47
8 H 2016.0418 16:06:55.1 -06:30:03.6 3× 2100 1.7 83
9 H 2016.0419 16:25:24.8 -07:16:44.4 4× 1800 1.5 44
10 H 2016.0317 16:29:14.1 -07:22:22.9 3× 1800 0.8 91
11 B 2018.0410 16:07:35.4 -07:07:52.5 3× 600 81
12 B 2018.0410 16:04:03.5 -07:00:53.1 3× 600 82
13 B 2018.0411 16:08:53.0 -08:47:53.2 3× 600 98
14 B 2018.0411 16:22:09.8 -07:01:52.1 3× 600 91
15 B 2018.0604 16:05:32.1 -07:08:04.9 3× 1200 88
16 B 2018.0605 16:04:19.2 -07:07:47.5 3× 1200 79
17 B 2018.0608 16:10:00.4 -06:50:34.7 3× 1200 95
18 B 2018.0612 16:16:02.3 -06:57:45.9 3× 1200 72
19 B 2018.0613 16:25:29.7 -07:16:13.3 3× 1200 89
20 E 2019.0622 16:07:54.8 -06:56:54.0 6× 2600 1.1 43
aH=Hectospec, B=Binospec, E=Hectochelle
b in arcsecs. Seeing values were not recorded during the Binospec runs.
some circular problems in determining the reddenings.
The mean reddening over the stream is 0.185, with a
range from 0.408 to 0.139 (the median value is similar
to the mean).
2.3.2. Distance confirmation
From their 14 member stars, Sesar et al. (2015) de-
rived a distance modulus and gradient in the modu-
lus, specifically m-M= 14.58− 0.2(l − 5), where l is the
galactic longitude (thus giving a distance of 8.2 kpc at
l = 5). We confirmed this in general for our new sam-
ple of MSTO stars we have observed, without rederiving
a new value with the rigor that Sesar et al. (2015) em-
ployed. Fig. 4 shows the CMD of stars with membership
probability Pmem > 0.9 (see Sect. 6) in two widely sep-
arated parts of the stream: the western part, from l =
3.◦7 to 5.◦4 (75 member stars), and the eastern part,
from l=5.◦4 to 7.◦0 (55 stars). A simple comparison of
the PS1 (g − i) CMD of the similar metallicity globu-
lar cluster NGC 5466 with that of the OphStr members
(using dereddened photometry) reveals that the stated
distance modulus and gradient is satisfactory for the
MSTO stars and the HB stars to within 0.15 mag, but is
not as good for the member RGB stars (11 in total, in-
cluding the ones found in the Hectochelle observations),
with the stars being 0.05 mag bluer in the (g − i) color
than expected from the relative position of the MSTO
stars, which could be due to a difference in stellar pop-
ulations between NGC 5466 and the stream.
3. BINOSPEC DATA
This instrument is a new low-resolution, multi-slit
spectrograph on the MMT, which features two 8 × 15
′ fields (Fabricant et al. 2019). Although the field is
smaller than Hectospec, the extra depth afforded made
it attractive, and some telescope time became available
during the first months of operation. We employed the
1000 gpm grating which gives spectral resolution of 1.5Å
over a range of 1500Å. We centered the spectra at 5200Å
which allowed the inclusion of the Hβ line as well as the
Mg b lines. Slit widths were 1.′′, and lengths were typi-
cally more than 20.′′ long. The OphStr Binospec obser-
vation information is also contained in Table 1.
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Figure 3. Top: The histogram of well-determined radial
velocities from Hectospec, the two previous papers (Sesar et
al. 2015, 2016), the Binospec data, and the Hectochelle data
from this paper, binned into 10 km s−1bins. The stream
stands out clearly at a velocity near +300 km s−1. The red
histogram shows just stars within 5′ of the orbit shown in
Fig. 2. Bottom: the distribution of radial velocities with
RA, also showing the stream separation in velocity.
We selected fields to overlap some of the Hecto fields,
particularly where the Hecto data was compromised by
bad observing conditions, but also to explore the ends
of the apparent stream, as well as a field well off of the
visual stream as a control, as shown in Fig. 2.
Stars on the main sequence as described above were
selected (they generally occupy the same part of the
CMD as the Hectospec observations shown in Fig 1)
, as well as some lower RGB stars (none of the latter
turned out to be members). The catalog had fainter
stars than the Hectospec sample (down to i = 21), but
only 20% of the spectra for stars fainter than i = 21
provided good velocities (furthermore, only a handful of
stars fainter than i = 20.4 have GDR2 measurements).
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main stream West
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m-M=14.58
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Figure 4. CMD of high probability member stars (Pmem >
0.9), divided into two parts at opposite ends of the densest
part of the stream, to show the evidence for a distance differ-
ence for those parts. Left: the western part, from l = 3.◦7 to
5.◦4 (75 member stars). Right: the eastern part, from l=5.◦4
to 7.◦0 (55 stars). The Parsec isochrone uses the same dis-
tance modulus in both panels. Note the MS turnoff occurs
at a brighter magnitude for the eastern part of the stream.
These stars are within 10′ perpendicular to the long axis of
the stream. Red circles indicate stars observed but which
had radial velocities precluding membership.
Two separate runs were obtained in 2018, with the first
extending to i = 21, while the second only to i=20.
The statistics reported in Table 1 limit the first set to
i = 20 for comparison. Heliocentric radial velocities
were found as above for the Hectospec data, using the
same templates. More than 800 stars were observed,
making for a total of 2600 unique objects observed in all
the various projects to date to obtain spectra in OphStr.
Six stars were observed twice, giving an RMS error for
measurement of 10 km s−1.
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There were 26 stars observed both with Hectospec and
Binospec; 23 of those have good velocities for both mea-
surements. The mean velocity difference of those was
+1.1km s−1(Hectospec − Binospec), with an RMS of
the differences of 16 km s−1, or 11km s−1per star in the
mean for each sample if they have the same error distri-
bution. The mean formal errors provided by xcsao for
those Binospec stars is 15 km s−1, so the formal errors
are somewhat larger than the true errors, but we will
assume the formal errors are accurate for the analyses
below.
4. USING GAIA DR2 TO REFINE A CANDIDATE
LIST
We next incorporated the new Gaia DR2 proper mo-
tion catalogs (Gaia Collaboration et al. 2018), which al-
lowed us to identify additional member candidates, lead-
ing up to a second round of spectroscopic observations
with the high resolution Hectochelle instrument on the
MMT. We determined the general proper motion of the
stream by examining the proper motions of the members
selected purely on previously determined radial veloci-
ties, specifically those with 260 <V< 318 km s−1. As
OphStr extends over several degrees in RA (and galactic
longitude), there may be a gradient in proper motions
(as reported in Sesar et al. 2015). We first looked at the
mean values for the apparently densest part, between
RA=241 and 243◦. We included proper motion data
only where the errors were less than 1.8 mas yr−1 for µα
and less than 1.04 mas yr−1 for µδ, both of which ex-
cluded the worst 10% of the data. These restrictions left
us with 45 stars whose radial velocities indicated mem-
bership. Fig 5 shows this distribution. As expected, the
members have a small range in proper motion, while
the field stars have a large dispersion, though the mean
values are similar for both groups.
Sesar et al. (2015) measured proper motions of 14 stars
determined from astrometry in the USNO-B, 2MASS
and PS1 catalogs. These agree in general with the
GDR2 values (once transformed to the galactic values
that Sesar et al. 2015, published) with the exception of
one star (star “rgb4”) for which the measured values are
very different from the other radial velocity members
in his list, likely due to stated problems with blending.
The GDR2 values for that star are similar to the other
velocity members, thus this star is considered a member
here. For all the stars in common, there is a system-
atic difference of +1.0 mas yr−1 in both µl and µb, with
an RMS of the differences of 1 mas yr−1, once we ex-
clude the one bad star. Lane et al. (2019) also found
the systematic error in the Sesar et al. (2015) proper
motions. Our analysis of the proper motions in galactic
-10 0
µ
α
-20
0
µ δ
Nonmembers
Velocity members
Figure 5. The distribution of Gaia DR2 proper motions
for OphStr stars observed spectroscopically with Hectospec,
with RA between 241 and 243◦, the densest part of the
stream. Those stars with radial velocities 260 <V< 318
km s−1are shown in dark, larger symbols here. The mean
proper motion is clearly identified in this plot. Radial veloc-
ity member stars with errant proper motions are excluded in
the more exacting membership determination provided by
the EM method.
coordinates shows agreement with the Lane et al. (2019)
description of the proper motions.
Next we derived the relation of µα and µδ with RA
(galactic longitude would work as well). This is shown
in Fig. 6 (all of the large points, no matter the color).
We then selected stars as candidates for membership by
insisting that the stars in the general area of the known
stream have Gaia proper motions contained within the
distribution shown in the figure, and which also lie in
the main sequence area of the CMD as above (Fig 1).
A catalog was thus created, and used in the Hectochelle
observations that we next describe.
5. 2019 HECTOCHELLE DATA
In the latter stages of composing this paper, some ad-
ditional MMT telescope time became available which
was used again with the Hectochelle instrument (Szent-
gyorgyi et al. 2011) , in order to obtain high resolu-
tion data for abundance analysis. That work will be
reported elsewhere, but we can discuss additional mem-
bers found in that data for this paper. The observing
program consisted mainly of stars in the denser part of
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Figure 6. The relation of proper motion in both coordinates
with RA for OphStr stars observed spectroscopically with
the various instruments reported here. Those stars with ra-
dial velocities 260 <V< 318 km s−1are shown in larger sym-
bols here, in several colors. Small symbols are spectroscopic
observations of non-member stars. The EM technique used
these clear relations along with the radial velocities to classify
the outlier stars (shown in red) as non-members. Large black
symbols are members identified using Hectospec and earlier
data, while blue represents members found in Binospec data,
and green was used for Hectochelle members. The patchiness
in this diagram is due to the discrete nature of the observa-
tions (we used fields that do not always overlap).
the stream already known to be members, but we also
added some previously unobserved stars that satisfied
the CMD and proper motion criteria described above,
with a preference for stars on the giant branch rather
than the MSTO because of the higher spectral resolu-
tion being observed. The observing setup was similar to
that for the Sesar et al. (2015) data except that a differ-
ent wavelength region was used : 6135 to 6320 Å. The
total exposure time on the single 1◦ field was 15,700s.
80 stars were targeted (these are also shown in Fig 1, 34
of which provided good velocities. Fortuitously, 9 more
members were found in this data, including the bright-
est member currently known, with i = 14.8, which is
on the RGB at the brightness level of the HB. All of
these members have radial velocities much more precise
than the Hectospec, Binospec, or Deimos data, with the
mean velocity uncertainty being 0.8 km s−1.
6. USING THE EM TECHNIQUE TO DETERMINE
MEMBERSHIP
In summary, we have used three different instruments
on the MMT telescope to obtain new spectra and thus
radial velocities for targeted stars over a 6◦ RA extent
in the OphStr region. Successful low resolution spectra
with uncertainties of order 15 km s−1were obtained for
900 stars using Hectospec and 400 stars using Binospec.
Higher resolution Hectochelle data were successfully ob-
tained for 34 more stars, which have uncertainties of
order 0.8 km s−1. These radial velocities can of course
be used to determine membership, but we can also add
in GDR2 proper motions.
The relation between proper motion and RA for radial
velocity member stars shown in Fig 6 wase used to de-
termine membership, along with positions and radial ve-
locities. These relations were thus incorporated into the
statistic used by our “expectation maximization” (EM)
code, patterned on that of Walker et al. (2009). EM is
an iterative algorithm for estimating the mean and vari-
ance of a distribution sampled with contamination. The
EM method differs from a conventional, sigma-clipping
method in two key respects. First, whereas the conven-
tional method answers the question of membership with
a yes or no, the EM method yields estimates of model
parameters while evaluating membership of individual
stars probabilistically. No data points are discarded;
rather, likely contaminants receive appropriately small
weights. Second, in evaluating membership probability,
the EM method explicitly considers the distributions of
both members and contaminants, field stars in this case.
Thus, likely contaminants that happen to lie near the
center of the member distribution can be identified as
such and weighted accordingly. EM therefore allows a
full likelihood treatment of the entire data set.
EM can take various observables and select groups
from those. It was our task then to determine which ob-
servables to use. Aside of the radial velocities, we had
available the positions, proper motions, parallaxes and
spectral line indices for the Hectospec data. We show
below that the parallaxes are at the edge of significance,
and thus they did not add any value to membership de-
termination. Likewise, the spectra are fairly low S/N,
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and while the spectrum formed by averaging the spec-
tra of members determined with radial velocities and
proper motions is clearly different from that of field stars
(the stream members have stronger Hβ and weaker Mgb
lines, in concordance with a metal-poor population), in-
dividual spectra are not good enough to use for spectral
analysis, and hence do not contribute significantly to
membership determination. Thus we employed only the
radial velocities, the proper motions, and the distance
from a curved line on the sky (which would be the mean
stream position) in the membership search. The loca-
tion of the stars in the color-magnitude diagram already
entered into the selection for spectroscopic observation
and would not add any further information in the anal-
ysis, and so was excluded. For position, we used the
departure from a quadratic equation in the coordinates,
rather than distance from a single point as would be the
case for a star cluster or dwarf galaxy. In doing so, we
explicitly lower the probability of membership for stars
that are farther away from this curve, meant to represent
the densest part of the stream. For proper motion, we al-
lowed the mean proper motions to have a dependence on
coordinates, as discussed in Section 4. In total, we solve
for 24 parameters. For members and non-members, we
seek a mean radial velocity, mean proper motions, the
spread or scale of those values, and their gradients with
the two coordinates. Following the description of the
method in Walker et al. (2009), we initialize the proba-
bilities at 0.5 for all stars, and solve the equations for the
parameter estimates which are similar to Eq. 13 and 14
of Walker et al. (2009). New probability estimates are
then calculated, and the procedure is repeated until sta-
bility is reached. We typically iterated for 500 steps. In
this analysis, there are five stars whose radial velocity
would indicate membership, but whose GDR2 data in-
dicate they are not members, not surprising given the
distribution of the field stars shown in Fig. 3. Similarly,
there are four other stars whose radial velocity would
indicate membership (though the errors are large), but
which have no data in the GDR2, hence they are also
not considered members here.
To estimate the uncertainty of the derived parameters,
we further performed a Monte Carlo experiment draw-
ing 1000 smples from the input data set, and running
the EM calculation again. The samples were created by
creating new samples from the full catalog, with replace-
ment, and using the star’s formal uncertainties in radial
velocity and proper motion. The standard deviations
of the results for the 24 parameters from the 1000 runs
were then calculated. The uncertainty for the velocity
dispersion from this heterogenous data set is not trust-
worthy, nor is the stream dispersion itself, as we discuss
below.
Table 3 contains the output of the EM technique,
while Table 2 contains a column listing the membership
probabilities where all the necessary data exist (posi-
tion, radial velocity, proper motions and their uncer-
tainties). The members and nonmembers are shown in
separate groups in Table 3, with the mean, scale or dis-
persion, and gradients in ξ (RA coordinate) and η (Dec
coordinate) listed. The main distinguishing features be-
tween the member group and nonmember group have
been shown in various figures already, the large mean ra-
dial velocity, the small dispersion in radial velocity and
proper motion, and the dependence of proper motion on
coordinates. There are currently 203 stars in our study
with membership probability Pmem > 0.9, and another
15 with a lower threshold of 0.5.
The previous work of Sesar et al. (2015) and Sesar
et al. (2016) had identified 14 and 4 possible members,
respectively. We confirm all of these as members except
for “cand26” from Sesar et al. (2016), which is excluded
because its proper motion is out of variance with the
other members, in addition to its radial velocity as noted
in Sesar et al. (2016).
Fig. 7 shows the distribution of observations on the
sky. Light gray circles are those observations for which
we could not obtain useful radial velocities, due to low
signal-to-noise. Dark circles are used for the successful
observations, while red circles shows the members with
Pmem > 0.9 found using the EM technique (90% of those
stars have probabilities greater than 0.95).
We find the following general results. The stream ex-
tends over the entire region we observed spectroscopi-
cally, from RA=241 to 247◦ (or l = 3.8 to 8◦ and b = 27
to 32.◦2 ). While there is a tight stream as seen before,
there are also some high probability stream members
significantly away from the main stream. There is no
significant detection of a radial velocity gradient (thus
perhaps requiring better data to see such a thing. Fi-
nally, there is a significant gradient in the RA compo-
nent of the proper motion with RA itself, as we noted
in Fig. 6. The stars away from the tight stream appear
to have the same spectral characteristics as those in the
main stream (and different from the non-member stars),
though higher signal-to-noise spectra would be needed
for quantitative analysis.
One of the fields observed with Binospec was a control
field, approximately 2◦ south of the densest part of the
stream. Only one star in that field has Pmem = 0.5 (and
thus not shown in 7, and is thus likely not a member
of the OphStr. Thus the stream does not extend to the
very large angle of 2◦ .
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Table 3. EM Output
Parameter Mean Disp. Grad ξa Grad ηb Mean Disp. Grad ξa Grad ηb
Members Nonmembers
km s−1 km s−1 km s−1 km s−1 km s−1 km s−1 km s−1 km s−1
arcmin−1 arcmin−1 arcmin−1 arcmin−1
Velocity 284.4 22.3 -0.019 0.16 -26.4 121.4 -0.067 -0.166
error 2.0 2.5 0.021 0.15 3.02 3.86 0.025 0.093
mas yr−1 mas yr−1 mas yr−1 mas yr−1 mas yr−1 mas yr−1 mas yr−1 mas yr−1
arcmin−1 arcmin−1 arcmin−1 arcmin−1
µα -6.63 0.99 -0.015 -0.015 -4.02 4.63 -0.0010 -0.010
error 0.11 0.09 0.001 0.009 0.12 0.09 0.0010 0.004
µδ -4.37 0.73 0.0010 0.001 -5.16 4.46 -0.0040 -0.004
error 0.06 0.07 0.0007 0.007 0.10 0.08 0.0009 0.003
aGradient in the RA coordinate
b Gradient in the Dec. coordinate
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Figure 7. Left: Position on the sky of all spectroscopic observations. The light grey circles are observations that did not
result in accurate radial velocities, due to signal-to-noise problems. Dark circles are successful observations. Red circles show
the members found by the EM technique (where Pmem > 0.9), using radial velocities and proper motions. The solid line is the
calculated mean distribution in the form of a quadratic equation, for use in EM (it is not meant to represent a possible orbit).
Note the areas where coverage with good observations was poor, but also note the scatter away from the mean distribution for
members. Right: Same, in galactic coordinates. We omit the line.
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Fig. 6 shows the proper motion relations when we use
EM membership criteria for the Hectospec and previ-
ous data (black points only). The outliers are removed.
This then allowed us to determine where best to place
new observational fields, with the smaller field of Bi-
nospec (and later with more Hectochelle observations).
Fig 6 also shows the relation when we use EM member-
ship criteria, now including the Binospec data (the blue
points).
The velocity dispersion derived for the stream with
this heterogeneous data set is 22 ± 2.5 km s−1. How-
ever, the use of low precision data in determining small
velocity dispersions is known to result in systematically
higher dispersions than true (Koposov et al. 2011). To
avoid this issue, we rederived the velocity dispersion us-
ing only the Hectochelle data for 18 members, which
is homogeneous and for which each star has a velocity
uncertainly of < 2.6 km s−1. Our derived velocity dis-
persion using those stars, which are in the densest part
of the stream and in the area from 4.2 < l < 5.0◦ is
1.6 ± 0.3 km s−1. In Table 2, these are the stars that
have Pmem > 0.9 and which have either “F” or “E” in the
first column. This value is larger than reported in Sesar
et al. (2015), even though we reuse 9 of the stars in that
paper, along with our 9 new members with similarly pre-
cise radial velocities. Indeed, the reported Sesar et al.
(2015) value of 0.4+0.5−0.4 km s
−1was in fact undetermined.
For orbit analysis, we now have stellar membership
probabilities, and can use those values to refine an esti-
mate of the cluster’s length and orbit, which we take up
in Section 8.
6.1. A Gaia parallax?
We then explored what the GDR2 parallax catalog
could tell us about the distance. Leung & Bovy (2019)
and Schönrich et al. (2019) have suggested that the Gaia
parallaxes should have +0.05 mas added to GDR2 tab-
ulated values, which we will incorporate.
Recall that from modelling the photometric data for
14 member stars, Sesar et al. (2015) had derived a dis-
tance modulus of 14.58 and a gradient in the modulus as
well, such that the stream at l = 4 (perhaps the leading
edge of the stream) has a distance of 9 kpc, while 2◦
away at l = 6, the distance was derived to be 7.5 kpc.
This was confirmed from the CMD of the new member
stars in Section 2.3.2. From our final members list, we
downselected to include stars where the formal parallax
errors were less than 0.5 mas and which had membership
probabilities greater than 0.9. This leaves us with 118
stars spread over 4◦ in longitude (i.e., twice as long as
Sesar et al. 2015). The weighted mean GDR2 parallax
of this list is 0.12 ± 0.01 mas, giving a distance of 8.3
kpc, while that of the 1308 non-members is 0.44± 0.004
(2.2 kpc; there are a number of bright stars in this group
that are nearby).
What about the distance gradient along the stream?
We can form an average parallax for stars grouped at
l = 4 and 6◦ as Sesar et al. (2015) considered. The
4◦ group has 22 stars, with a weighted mean parallax
of 0.15, and mean error of 0.07. while the 6◦ group
with 29 stars has a parallax of 0.12 and error of 0.07.
Thus, neither is significant though the gradient is in the
same sense as the photometry indicates. For the more
extended stars found here, at l >7◦, we have only 7 stars,
whose weighted mean parallax is 0.08, and error of 0.05.
The distance change again agrees with the photometry,
though the significance is small.
The two brightest member stars (with i < 15.3), one
RGB star and one BHB star, are located in the dense
part of the stream, and 3.◦4 to the east in the low den-
sity area, respectively. These two stars individually have
significant detections of parallaxes (at 3.5 and 3.0σ re-
spectively). The average of these is 0.20+/-0.03 mas for
a distance of 5.0 kpc (the two stars have similar par-
allaxes). It appears that the mean GDR2 parallax of
radial velocity members is in agreement with the dis-
tance from the CMD, but does not add any significance
to the measurement.
7. A NEW MAP USING ONLY GAIA AND PS1
DATA
Fig 8 is a simple version of the CMD, with the all input
samples shown with the same color, and the members
as calculated from Section 6 shown in black. This figure
demonstrates that the input sample did not bias the
selection of members in the CMD plane, and that the
PARSEC isochrone selected in Sesar et al. (2015), along
with the distance modulus and gradient is still valid for
the members.
Fig 7 highlights two parameters of the stream. First
the stream is longer than initially realized in the Bernard
et al. (2014) paper. It extends more than 6.◦5 in RA
rather than 2.◦5 . Second, for the western part, there
is a tight stream, which is what Bernard et al. (2014)
found, but there are also members scattered about that
tight area in a more diffuse halo. The extended eastern
part of the stream is also diffuse. Because the observing
conditions for the observations varied so much, and the
fields were not all contiguous, it was not possible to make
a satisfactory diagram of the 2D distribution using just
the member stars as derived in Section 6. For instance,
does the sprinkling of member stars to the north of the
dense stream at RA= 242◦ (l = 5◦ ) have a symmetrical
distribution to the south? The radial velocity data is not
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Figure 8. CMD of all stars observed from all data sets
including the Binospec data (which are not in Fig. 1), shown
as cyan points. Stars with a high probability being members
are shown in black. Photometry and isochrone information
is the same as for Fig 1.
complete enough to answer that. We can alleviate the
problems produced by the spatial incompleteness of the
radial velocity data by making a revised map using the
positions and photometry of likely members from a stel-
lar catalog such as PS1 combined with proper motions
from GDR2. While the stream’s proper motions do not
readily distinguish it from the other stars in the field
(see Fig 5) as well as the radial velocity measurements
do, the mean motion does provide an additional selec-
tion criterion. We used the refined CMD locus from the
known members and the GDR2 catalog and were able to
produce an image that does better reflect the large-scale
distribution of stars than revealed in the radial velocity
measurements.
In detail, we assigned membership probabilities from
the PS1 and GDR2 catalogs. For the CMD filtering, the
best fitting isochrone remains the one from PARSEC,
with [Fe/H]= −1.8, age=12Gyr, η = 0.5, m−M= 14.58,
and with the Sesar et al. (2015) distance modulus gra-
dient, m−M= 14.58 − 0.2(l − 5). For a star with color
and magnitude, (g − i)0 and i0,corr, the difference be-
tween the observed color and that of the isochrone at
the star’s i-band magnitude was calculated, and turned
into a probability via abs((g− i)0−(g− i)isochrone)/σrel,
where σrel is the spread in the observed catalog about
the isochrone, at magnitude i0,corr. We used stars in
the region of the HB, the main sequence brighter than
i0,corr = 20.0 (i= 20.4) , and the giant branch up to
about 1 magnitude below the level of the HB, which was
about i0,corr = 15.5 (or observed i= 15.8). Proper mo-
tions were used in a similar fashion, this time using the
distance to the mean relation of proper motion with co-
ordinates as defined by the radial velocity members (Fig.
6) divided by the spread in that relation. These quan-
tities were summed quadratically along with the CMD
probability for each star, and turned into a transparency
value for graphical purposes. Fig. 9 shows the result, in
galactic coordinates. The CMD filtering alone provides
most of the contrast in this diagram, but the addition
of the proper motion filtering eliminates much of the
remnant dust dependency of the CMD filter. Adding
in the giant stars to the MS and BHB list did not add
much contrast to this figure; only ten percent of the stars
shown are giant candidates. Removing stars with accu-
rate parallaxes indicating non-membership also did not
achieve much; there were only 50 such stars. In total,
there are about 2400 stars remaining after the selection
criteria were applied.
Fig. 9 confirms the map made using the additional
parameter of the radial velocities: a nearly-linear, tight
stream extending from l =3.◦2 to 5.◦8 (380 pc), and a
longer more diffuse tail with more curvature (in these
projected coordinates) extending as far as l = 8◦ for a
total length of 7.5◦, or 1.1 kpc in projection. The lead-
ing edge of the stream in the radial velocity member-
ship is l =3.◦8 , but the proper-motion/CMD map alone
shows the distinct edge to actually be at RA= 239.8,
DEC= −7.24 (l = 3.◦2 , b = 32.◦4 ), which is 0.◦5 far-
ther from the edge of the spectroscopic coverage. If the
leading edge also has a diffuse component, it is possible
that the stream extends beyond our catalog’s footprint,
but we leave mapping the full extent of the stream to
future work. Using the same distance modulus gradient
as found in Sesar et al. (2015), the deprojected length
of the currently-detected stream is about 3 kpc.
Finally, Fig. 9 confirms the presence, noticed in the
radial velocity work, of members in a curious arc-like
structure that arches in latitude away from the main
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Figure 9. Using the measured proper motion and distance modulus gradient for the stream, we selected HB, MSTO and
lower RGB stars from the full GDR2 catalog for display. Probabilities of stream membership were based on deviation from the
isochrone used above, and also from the relation of proper motion and position determined above. No radial velocities were
used. On the right the stars observed spectroscopically and which have stream membership probabilities of greater than 50%
are shown in red, revealing there to be good correspondence, even for stars away from the main stream.
stream at l = 4, to a separation of nearly a degree, and
then apparently rejoins the main stream at l = 6. Recall
that for the EM analysis above, stars farther from the
main stream are explicitly judged to have lower member-
ship probabilities, so the number of EM member stars
in this spur may be an underestimate. A topic for fu-
ture investigation would be whether this sub-stream is
similar to the spurs on GD-1 and Jhelum found and dis-
cussed in Price-Whelan, & Bonaca (2018), Bonaca et al.
(2019a) and Bonaca et al. (2019b).
8. ORBIT FITTING
In this section we revise the orbital properties of Oph-
Str given the newly detected extension of the stream.
Figure 10 summarizes the 6D phase-space distribution
of likely Ophiuchus members. From top to bottom, we
show Dec, distance, RA and Dec components of the
proper motion vector, and radial velocity as a function
of RA, with the errorbars representing the observational
uncertainties. The proper motion uncertainties are de-
livered by GDR2, while we adopted the stream width
of 0.3◦ as the uncertainty in sky positions, and assumed
0.5 kpc uncertainty in distances, and 10 km s−1 for ra-
dial velocities. We use these data to search for plausible
orbits of the OphStr progenitor.
In our modeling, we used a static Milky Way po-
tential that has a 5.5 × 1010M Miyamoto & Nagai
(1975) disk (scale height 28 pc, scale length 3 kpc), a
4× 109M Hernquist (1990) bulge (scale radius 1 kpc),
and a 7× 1011M Navarro et al. (1997) halo (scale ra-
dius 15.62 kpc, z-axis flattening 0.95), as implemented
in the gala package (Price-Whelan 2017). To convert
between the physical and observed (heliocentric) quanti-
ties, we adopted a right-handed coordinate system with
the origin at the Galactic center in which the Sun is lo-
cated at (X,Y, Z) = (−8.122, 0, 0.0208) kpc and is mov-
ing at velocity (VX , VY , VZ) = (12.9, 245.6, 7.78) km s−1
(available in astropy version 4.0). We searched for a
best-fitting orbit in this gravitational potential by min-
imizing the deviations between the orbit and individual
stars using the scipy implementation of the BFGS al-
gorithm. We evaluated trial orbits at RA positions of
likely Ophiuchus members, taking into account the ob-
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Figure 10. Phase-space distribution of likely Ophiuchus
member stars (black points) and the best-fit orbit in a
smooth and static Milky Way potential (blue lines).
servational uncertainties. The best-fit orbit is shown
with blue lines in Figure 10.
The orbit which was evolved in a simple, static Milky
Way potential captures the global phase-space distribu-
tion of the OphStr stream, including the newly discov-
ered extension at RA & 244◦. The best-fit orbit re-
produces well the observed gradients in distance, proper
motions and and radial velocity. This orbit is somewhat
misaligned from the observed stream track, as expected
of streams in general (e.g., Sanders & Binney 2013).
The past 3Gyr of Ophiuchus’ orbit are shown in Fig-
ure 11 in light blue, while the current extent of the
stream is emphasized in dark blue. The stream is
just past the pericenter, which occurred at ≈ 3.8 kpc,
in agreement with previous orbit determinations using
the densest part of the stream (Sesar et al. 2015; Lane
et al. 2019). However, we inferred a smaller apocen-
ter of 13.5 kpc than previously derived 16.8 kpc, which
directly translates to a shorter period of 172Myr (com-
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Figure 11. The best-fit orbit to the Ophiuchus stream in the
Galactocentric coordinates perpendicular to the disk plane
(top), and in the disk plane (bottom). The Sun is at z=0,
R=8 kpc in the top plot. Current extent of the stream is
shown in dark blue, while the past 3Gyr are in light blue.
pared to 240Myr). Generally, we expect longer streams
to be more informative (Bonaca & Hogg 2018), and
therefore our orbit which fits a longer segment of the
stream to be more accurate. In addition, this is the first
self-consistent orbit fit using the accurate Gaia proper
motions, which might contribute to the change in the
derived orbit. Fits to the latest Ophiuchus data place
its progenitor on a somewhat less eccentric orbit than
previously estimated, so dynamical models aiming to
reproduce the observed stream should be revised to use
this new orbit.
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9. DISCUSSION AND CONCLUSIONS
Our spectroscopic work has increased the number
of probable members (Pmem > 0.9) of the Ophiuchus
stream from the 18 reported previously to about 200,
which lie along an arc 7.5◦ long in projection, or about
3 kpc deprojected. In finding these new members and
candidates however, we have not significantly increased
the estimated luminosity of the progenitor cluster found
by Bernard et al. (2014) of MV = −3.0, or the esti-
mated mass of 2× 104 M from Sesar et al. (2015). Us-
ing our new method for finding probable members from
the GDR2 and PS1 data (Sect. 7), and a correction pro-
vided by the luminosity function for the Parsec isochrone
used in Sect. 2 we derived fewer total stars brighter than
i=20 than Sesar et al. (2015) (thus our calculated sur-
face brightness is lower), resulting in a new calculated
luminosity of the entire stream of MV = −3.1, and a to-
tal mass of 8700±400 M, where the uncertainty comes
from counting statistics only, and is likely an underesti-
mate.
While the new low resolution spectra have allowed us
to explore the distribution of members and refine orbit
models, few of the derived radial velocities are as precise
as one would need for mass estimates. In particular, the
low resolution data appears to allow the velocity vari-
ation with longitude outlined here as well as those in
Price-Whelan et al. (2016, their figure 2) or Lane et al.
(2019, their figure 3). To independently constrain the
mass of the OphStr progenitor, we only use the high-
resolution Hectochelle data and obtain a new velocity
dispersion value of 1.6±0.4 km s−1. Empirically, we ex-
pect the velocity dispersion in the cluster to be similar
or lower than in its tidal tails (for example, the disper-
sion in the Palomar 5 globular cluster is 1.2 km s−1and
2.1 km s−1in its tails, Odenkirchen et al. 2009; Kuzma
et al. 2015). There are six clusters in the Harris (2010)
catalog with velocity dispersions equal to or less than
1.6 km s−1, however, these are all somewhat more lumi-
nous than our value for OphStr. However, dynamical
heating of tidal tails may resolve this inconsistency be-
tween the inferred mass and velocity dispersion. Specifi-
cally, Lane et al. (2019) simulated globular clusters with
a range of masses and sizes on OphStr orbits, and their
more diffuse progenitors of ≈ 8700M achieve a veloc-
ity dispersion of > 1 km s−1 after three complete orbital
periods. Similar simulations that include our new con-
straints on the OphStr extent and radial velocity disper-
sion will further refine our initial estimate of its progen-
itor’s mass.
The stream orbit as refined by this new data is smaller
than previously determined, with a period of 172 Myr
and an apocenter of 13.5 kpc. This would indicate
that the galactic bar should have an even larger influ-
ence on the stream dynamical evolution than previously
thought.
Similar to previous papers on OphStr, we did not find
a progenitor star cluster for OphStr, unlike the case for
the Palomar 5 stream (Price-Whelan et al. 2019). Inter-
estingly, we did find evidence for vertical sub-structure
in the form of a spur. Bonaca et al. (2019b) showed
that spurs can be produced if a stream encounters a
massive object, such as a dark-matter subhalo or a glob-
ular cluster. The abundance of dark-matter subhalos is
expected to be severely depressed in the inner Galaxy
due to disk disruption (e.g., D’Onghia et al. 2010; Er-
rani et al. 2017; Garrison-Kimmel et al. 2017), but most
Galactic globular clusters orbit in the same volume as
OphStr (e.g., Baumgardt et al. 2019). Precise kinematic
maps of the affected region in the stream can constrain
the impactor’s orbit (Bonaca et al. 2020), motivating ad-
ditional high-resolution spectroscopy of OphStr to un-
cover its complex dynamical history.
Software: Astropy (Astropy Collaboration et al.
2013, 2018), gala (Price-Whelan 2017), matplotlib
(Hunter 2007), numpy (Walt et al. 2011), scipy (Jones
et al. 2001–)
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